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GENERAL INTRODUCTION 
Anhydrous ammonia is the most commonly used nitrogen (N) fertilizer for corn {Zea 
mays L.) production in the Corn Belt. It is unique among fertilizers in that it is injected into 
the soil as a mixture of liquid and gas that immediately reacts with the water in the soil to 
form ammonium. Ammonium concentrations tend to remain high near the point of injection 
until decreased by nitrifying microorganisms. These conditions may lead to an overall delay 
in the availability of N to growing corn plants. Such delays are similar to effects resulting 
from nitrification inhibitors, which are often added to fertilizers to delay nitrification and 
reduce the potential for losses by leaching and denitrification. 
Many studies of anhydrous ammonia in com production have considered this fertilizer 
material to be essentially indistinguishable from other N fertilizers. Such an assumption 
seems defensible if only corn yields are considered, because many studies have failed to 
detect yield differences when anhydrous ammonia is compared to other N fertilizers. 
Recently a late-spring soil test for nitrate N and an end-of-season cornstalk nitrate test have 
been refined for use in Iowa cornfields. The late-spring soil test gives growers feedback for 
adjusting N applications, either for sidedress applications in the same crop year or for 
preplant N the following crop year. The end-of-season cornstalk test detects situations where 
excess N is available for uptake. These tests, used either separately or in tandem, promise to 
give corn producers more sensitive and precise tools for evaluating N status than 
measurements of corn yields alone. However, little information exists concerning the 
effectiveness of these tests when used in fields treated with anhydrous lunmonia. 
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Objectives for this study included (i) evaluation of the hypothesis that unfavorable 
conditions created by injection of anhydrous ammonia could delay nitrification and thereby 
reduce the availability of fertilizer N to rapidly growing corn plants, (ii) evaluation of the late-
spring soil nitrate test and the end-of-season cornstalk test as tools for comparing the N-
supplying power of broadcast fertilizers applied to cornfields at different times, (iii) 
evaluation of the effects of rate and timing of anhydrous ammonia on soil nitrate 
concentrations, end-of-season stalk nitrate concentrations, and com yields. 
Explanation of Dissertation Format 
The dissertation is presented as three papers suitable for publication. Paper I, "Late-
season distributions and carryover of N-15 from anhydrous ammonia sidedressed to corn" 
will be submitted for publication to the Soil Science Society of America Journal. Paper II, 
"Soil nitrate and corn yields as affected by N broadcast at selected rates and times" will be 
submitted for publication in the Journal of Production Agriculture. Paper III, "Soil nitrate 
and com yields as affected by nitrogen banded as anhydrous ammonia at selected rates and 
times" will be submitted for publication in the Journal of Production Agriculture. The three 
papers are preceded by a General Introduction and succeeded by a General Summary. 
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PAPER 1. LATE.SEASON DISTRIBUTIONS AND CARRYOVER OF N-I5 
FROM ANHYDROUS AMMONIA SIDEDRESSED TO CORN 
4 
INTRODUCTION 
Anhydrous ammonia is the most commonly used (nitrogen) N fertilizer for corn (Zea 
mays L.) production in the Corn Belt. It is unique among fertilizers in that it is injected into 
the soil as a mixture of liquid and gas that immediately reacts with the water in the soil to 
form ammonium. Ammonium concentrations tend to remain high near the point of injection 
until decreased by nitrifying microorganisms. The high pH and ammonium concentrations 
near the point of injection create an unfavorable environment for the microorganisms, so 
nitrification generally begins away from the point of injection and progresses toward the point 
of injection (Eno and Blue, 1954; Eno et al., 1955; Frederick and Broad bent, 1966; Black, 
1968). 
A delay in nitrification caused by unfavorable environments near the point of ammonia 
injection is desirable in situations where such delays reduce the potential for loss of N by 
leaching and denitrification (Eno and Blue, 1954; Eno et al., 1955; Stevens and Reuss, 1975; 
Khengre and Savant, 1977). The unfavorable environments should be expected to produce 
effects similar to nitrification inhibitors, which are often added to fertilizers to delay 
nitrification and reduce the potential for losses by leaching and denitrification (Meisinger et 
al., 1980; Hoeft, 1984). 
Here I report studies of the transformations and movements of applied as 
anhydrous ammonia sidedressed to corn at selected rates. The study was designed to 
evaluate the hypothesis that unfavorable conditions created by injection of anhydrous 
ammonia could delay nitrification and thereby reduce the availability of fertilizer N to rapidly 
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growing com plants. This objective required intensive sampling of the soil to characterize 
both chemical and spatial distributions of labeled N at selected times after fertilization. The 
rooting zone was sampled to a depth of 1.5 m because previous studies (Sanchez, 1986) 
showed that substantial downward movement of anhydrous ammonia-derived N below the 
depth of injection should be expected. 
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MATERIALS AND METHODS 
Plots were established in June 1986 within a 20- by 20-m area of a cornfield at the 
Agronomy and Agricultural Engineering Research Center Plots near Ames, lA. The soil was 
a Nicollet loam (fine-loamy, mixed, mesic Aquic Hapludolls) that had been planted to 
continuous corn for more than three years. Tillage was chisel-plowing in the fall and disking 
in the spring. Com (Pioneer 3471) had been planted on 12 May to give a population of about 
58,000 plants ha'L No fertilizer N had been applied since the spring of 1985. 
When corn plants were about 20 cm tall (10 June 1986), nine plots (3.7 by 2.3 m) were 
sidedressed with anhydrous ammonia and nine plots were sidedressed with anhydrous 
ammonia plus nitrapyrin (2.4 L N-Serve 24 ha"^). The anhydrous ammonia was applied at a 
depth of about 15 cm by using the method of Sanchez and Blackmer (1987), which involves 
the use of a small tank and capillary tube to inject anhydrous ammonia into a channel formed 
by a tractor-drawn anhydrous ammonia applicator. Each plot had three bands of ammonia, 
each positioned midway between three adjacent 76-cm rows of corn. The ammonia applied 
to the center band was labeled with ^^N (2.5 or 4.0 atom % ^^N), but the ammonia applied 
for the outside bands was nonlabeled. Similar rates of N were applied to bands within plots, 
but plot treatments ranged from 31 to 285 kg ha"l. An additional six plots received broadcast 
l^N-labeled ammonium sulfate at 150 kg N ha'l, and the fertilizer was immediately mixed 
with the soil by hand-raking to a depth of 3 cm. 
Subplots within each plot were excavated when corn was at the silking stage (6 weeks 
after fertilization), at physiological maturity (19 weeks after fertilization), and in May of the 
7 
following year (48 weeks after fertilization). The plots were not tilled or fertilized in the fall 
of 1986 or the spring of 1987. Each subplot was 76 cm wide (the distance between corn 
rows), 10 cm long (along the fertilizer band), and 30.5 cm deep. Excavation involved 
carefully removing 21 individual soil samples (see Fig. 1) by using small digging tools. An 
auger (3.2 cm diam.) was then used to remove another 30 samples to a depth of 183 cm (see 
Fig. 1). 
The samples were air-dried (spread in a thin layer with air at room temperature passing 
over the sample), crushed to pass a 2-mm sieve, thoroughly mixed, and stored in standard 
plastic-lined bags for later analysis. Exchangeable ammonium-N and nitrate-N 
concentrations of the soil samples were determined by extraction with 2 M KCl and steam 
distillation with magnesium oxide and Devarda alloy as described by Keeney and Nelson 
(1982). Total N (organic plus inorganic N) was determined with the permanganate-reduced 
iron modification of the Kjeldahl (Bremner and Mulvaney, 1982) procedure. 
Distillates from inorganic and total N analyses were evaporated for concentration and 
stored for later analysis. All analyses were performed by reacting the concentrated 
distillates with sodium hypobromite in evacuated Rittenberg flasks as described by Hauck 
(1982) and injecting the nitrogen gas evolved into a Finnigan MAT 250 isotope-ratio mass 
spectrometer. Atom percentages of were calculated using equations described by 
Sanchez and Blackmer (1988). The amount of labeled N in the KMI-N fraction (Kjeldahl 
minus inorganic N) was calculated by subtracting amounts of labeled N found as nitrate and 
exchangeable ammonium from amounts recovered by Kjeldahl analysis. 
Fig. 1. Diagram showing location of soil samples removed relative to anhydrous 
ammonia band. 
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Rainfall and class A pan evaporation data were collected during the growing season. At 
physiological maturity whole plant samples were collected and partitioned into grain and 
stover (stalks, leaves, and cobs) constituents. All plant materials were air-dried in a forced-
air drier at 60°C. Stover was ground in a Wiley mill to pass a 1-mm screen, and then ground 
in a UDY Cyclone mill (UDY model SF, Fort Collins, CO) to pass a 0.5-mm screen. 
Shelled grain was ground in a flour mill (Magic Mill 111+, Division of SSI, Salt Lake City, 
UT) after drying. The milled grain samples were redried at 60°C for 24 hr and analyzed for 
N concentration. Numerical calculations were done using procedures within the Statistical 
Analysis System (SAS Institute, 1985) and SuperANOVA (Abacus Concepts, 1989). 
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RESULTS 
Rainfall was about 25% greater than long-term averages during the 1986 growing 
season, 63% greater than average during the fall, and 21% less than average during the 
spring of 1987 (Table 1). These rainfall patterns indicate an above-average potential for loss 
of fertilizer N by leaching or denitrification, but most of the rain came during periods when 
corn plants were rapidly consuming N (June and July) and after the crop had taken up all the 
N it needed. 
Data concerning the spatial and chemical distributions of labeled N in the soil are 
summarized in Table 2. This summary shows data for all N rates, but only as means within 
three rate categories. Data for the lower depths are not shown where only negligible amounts 
of labeled N were found. Concentrations of labeled N found at selected distances to the left 
and right of the band are pooled. Concentrations of labeled N found at selected depths are 
pooled. Such data reduction was essential to condense the results of more than 10 000 
determinations of from 72 plot samplings into a table that reasonably illustrates the 
observed interactions among chemical distributions of labeled N in the soil, spatial 
distributions of this N, and time after application. A more detailed data set showing chemical 
and spatial N distributions at selected sampling times is given in the Appendix. 
The amounts of labeled N recovered in various soil and plant fractions are shown in 
Figs. 2 and 3, and statistical analyses of the effects of N rates on recovery of labeled N are 
presented in Table 3. Figs. 2 and 3 include labeled nitrate to depths of 150 cm. Labeled N in 
the exchangeable ammonium and KMI-N fractions were not determined below 60 cm, 
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Table 1. Rainfall and atmospheric demand for water observed during the study. 
Average!" 
Averaget Open-pan open-pan 
Year Period Precipitation precipitation evaporation evaporation 
mm 
May 138 111 171 182 
Jun 165 130 232 204 
1 Jul - 23 Jul 74 63 167 151 
23 Jul-31 Jul 65 26 42 62 
Aug 91 99 158 173 
Sep 170 82 103 132 
1 Oct - 20 Oct 73 39 52 64 
21 Oct -30 Oct 43 20 181 32 
Nov-Dec 52 56 nd^ nd 
1987 Jan-Feb 
Mar 
Apr 
May 
Jun 
18 
51 
55 
92 
77 
43 
53 
86 
111 
130 
nd 
nd 
188 
255 
266 
nd 
nd 
nd 
182 
204 
^Long-term averages as reported by Shaw and Waite (1964) and Shaw (1981). 
•i-Not determined. 
Table 2. Chemical and spatial distributions of labeled N at 44, 133, and 337 days after application of '^N-labeled 
anhydrous ammonia at various rates. 
Concentrations of labeled N at various horizontal distances (cm) from center 
of bands 
At 44 days At 133 days At 337 days 
Form of N Application Depth of 0- 5- 15- 25- 0- 5- 15- 25- 0- 5- 15- 25-
labeled N 
NH4+ 
rates sample 5 15 25 40 5 15 25 40 5 15 25 40 
kg ha-1 
— cm — mor M LrcT" 1 cr\i 1 _______ Illg IN Kg oUil ——— 
31-54 0-10 0 0 0 0 0 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 0 0 0 0 0 
30-60 0 ndt 0 0 0 nd 0 0 0 nd 0 0 
102-162 0-10 0 0 0 0 0 0 0 0 0 0 0 0 
10-20 . 7 1 0 0 1 1 0 0 0 1 0 0 
20-30 0 0 0 0 0 0 0 0 0 0 0 0 
30-60 0 nd 0 0 0 nd 0 0 0 nd 0 0 
204-293 0-10 8 1 0 0 2 0 0 0 0 0 0 0 
10-20 12 9 0 0 2 0 0 0 1 1 0 0 
20-30 0 1 0 0 0 0 0 0 0 0 0 0 
30-60 0 nd 0 0 0 nd 0 0 0 nd 0 0 
fnd: Not determined. Concentrations at 5-15 and 15-25 cm from the band were determined from a single sample 
at the depths indicated. 
Table 2, continued 
NO3- 31-54 0-10 0 0 0 
10-20 1 0 0 
20-30 0 0 0 
30-60 0 nd 0 
60-120 0 nd 0 
120-180 0 nd 0 
102-162 
204-293 
0-10 0 0 0 
10-20 4 1 0 
20-30 2 1 0 
30-60 2 nd 0 
60-120 2 nd 1 
120-180 0 nd 0 
0-10 3 2 0 
10-20 13 17 1 
20-30 2 6 13 
30-60 1 nd 2 
60-120 4 nd 6 
120-180 1 nd 1 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 
0 0 nd 0 0 0 nd 0 0 
0 0 nd 0 0 0 nd 0 0 
0 0 nd 0 0 0 nd 0 0 
0 0 0 0 0 0 0 0 0 
0 1 0 0 0 1 1 0 0 
0 0 0 0 0 0 0 0 0 
0 0 nd 0 0 0 nd 1 0 
0 0 nd 0 0 0 nd 0 0 
0 0 nd 0 0 0 nd 0 0 
0 0 0 0 0 1 0 0 0 
0 0 0 0 0 1 2 0 0 
0 0 0 0 0 1 1 0 0 
0 0 nd 0 0 1 nd 1 0 
3 0 nd 0 1 0 nd 0 0 
2 0 nd 0 1 0 nd 0 0 
Table 2, continued 
KMI-N 31-54 0-10 
10-20 
20-30 
30-60 
102-162 0-10 
10-20 
20-30 
30-60 
204-293 0-10 
10-20 
20-30 
30-60 
5 1 1 
11 7 2 
I 2 1 
1 nd 1 
13 0 0 
19 0 0 
0 0 0 
0 nd 0 
40 13 0 
52 24 2 
4 2 1 
1 nd 0 
1 6 3 3 4 
1 11 7 3 2 
1 2 2 2 2 
1 0 nd 2 1 
3 0 0 0 0 
0 26 6 0 0 
0 0 0 0 2 
0 0 nd 0 0 
1 14 2 0 4 
1 63 11 0 0 
0 4 1 0 0 
0 0 nd 0 0 
6 3 2 3 
9 3 1 3 
4 1 2 2 
1 nd 0 1 
0 0 0 0 
19 8 0 0 
0 0 0 0 
0 nd 0 0 
9 5 2 4 
35 14 0 1 
3 0 0 0 
0 nd 0 0 
Fig. 2. Amounts of labeled N found in various soil fractions 44, 133, and 337 days 
after application of ^^N-labeled anhydrous ammonia. 
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after application of ^^N-labeled anhydrous ammonia. 
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Table 3. Statistical parameters describing relationships illustrated in Figs. 2 and 3. 
Factor related to 
application rate 
Days after 
application Intercept Slopet r2 
Significance 
of 
regression 
15nH4 (Fig. 2) 44 -2.3 0.04 0.77 * 
133 -0.4. 0.01 0.45 * 
337 0 0.00 1.00 NS 
15n03 (Fig. 2) 44 -0.14 0.03 0.22 NS 
133 -0.41 0.01 0.25 * 
337 -0.10 0.01 0.26 * 
KMI-15N (Fig. 2) 44 13.2 0.12 0.41 * 
133 11.9 0.11 0.59 * 
337 10.3 0.12 0.54 * 
Total in soil (Fig. 2) 44 10.6 0.19 0.68 * 
133 11.4 0.13 0.63 * 
337 10.3 0.13 0.57 * 
in grain (Fig. 3) 133 2.5 0.10 0.85 * 
in stover (Fig. 3) 133 -0.1 0.01 0.56 * 
in plant+soil (Fig. 3) . 133 ' 13.2 0.30 0.82 * 
"{"Multiplication of the value shown by 100 gives an estimate of recovery of labeled N 
expressed as % of that applied. 
*, NS: Models significant at the 0.05 level, not significant, respectively. 
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however, because of the small amounts present and the high costs of analysis. The amounts 
of N derived from soil (i. e., nonlabled N) are shown in Table 4. 
Table 4. Chemical and spatial distributions of soil-derived N at 44, 133, and 337 days after application of l^N-labeled 
anhydrous ammonia at various rates. 
Form of N Application Depth of 
labeled N rates sample 
Concentrations of labeled N at various horizontal distances (cm) from center 
of bands 
At 44 days 
0- 5- 15- 25-
5 15 25 40 
At 133 days 
0- 5- 15- 25-
5 15 25 40 
At 337 days 
0- 5- 15- 25-
5 15 25 40 
kg ha'l — cm — mg N/kg soil 
NH4+ 31-54 0-10 
10-20 
20-30 
30-60 
6 
6 
4 
3 
7 
7 
4 
ndt 
6 
7 
4 
5 
7 
5 
4 
3 
4 
8 
3 
4 
5 
8 
4 
nd 
4 
6 
4 
6 
6 
4 
5 
5 
4 
7 
5 
4 
6 
8 
6 
nd 
7 
8 
6 
4 
8 
7 
9 
4 
102-162 0-10 7 7 7 8 5 5 5 5 6 5 5 6 
10-20 8 9 8 6 6 6 6 5 8 9 8 7 
20-30 5 5 5 5 4 4 4 6 5 5 6 6 
30-60 4 nd 4 4 5 nd 5 7 5 . nd 6 6 
204-293 0-10 6 7 7 6 4 5 4 5 6 6 6 7 
10-20 9 9 8 6 6 6 6 5 7 8 7 6 
20-30 4 4 5 4 4 4 3 5 5 5 5 5 
30-60 4 nd 3 4 6 nd 5 6 8 nd 5 5 
tnd: Not determined. Concentrations at 5-15 and 15-25 cm from the band were determined from a single sample at the 
depths indicated (see Fig. 1). 
Table 4, continued 
NO3- 31-54 0-10 6 6 7 
10-20 5 4 4 
20-30 2 2 3 
30-60 3 nd 3 
60-120 11 nd 13 
120-180 12 nd 11 
102-162 
204-293 
0-10 6 7 7 
10-20 6 5 5 
20-30 4 3 3 
30-60 5 nd 3 
60-120 13 nd 13 
120-180 12 nd 13 
0-10 5 6 9 
10-20 3 5 4 
20-30 2 2 2 
30-60 3 nd 3 
60-120 11 nd 7 
120-180 18 nd 15 
8 2 3 3 3 6 8 7 8 
5 3 3 3 2 6 7 8 8 
3 3 3 3 2 5 5 6 6 
2 4 nd 3 3 4 nd 4 5 
11 7 nd 7 6 9 nd 8 8 
10 9 nd 9 9 6 nd 8 6 
8 3 3 3 4 12 12 11 11 
6 4 4 4 4 12 13 13 12 
5 3 4 4 4 10 10 10 10 
3 4 nd 3 3 7 nd 10 7 
14 6 nd 6 6 13 nd 11 10 
11 13 nd 9 9 6 nd 9 8 
8 2 3 4 3 11 11 12 12 
5 3 4 5 4 9 10 11 13 
3 2 3 3 3 8 8 8 9 
3 3 nd 4 5 11 nd 8 6 
12 6 nd 5 6 8 nd 12 11 
15 4 nd 10 5 8 nd 9 8 
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DISCUSSION 
The amounts of labeled N recovered as exchangeable ammonium tended to be small, 
except at 44 days where nitrapyrin had been applied (Fig. 2). Nitrapyrin had no effect on this 
recovery at 133 or 337 days, when amounts of labeled ammonium found accounted for about 
1% of the N applied (see slopes in Table 3). Low recoveries of N in this fraction can be 
explained by chemical reactions of ammonium, activities of soil microorganisms, or plant 
uptake of ammonium. Labeled N found in this fraction was localized in bands formed by 
ammonia injection (Table 2), an observation consistent with the known tendency for 
ammonium to be relatively immobile in soils. 
The amounts of labeled N recovered as nitrate also tended to be quite small (Fig. 2); at 
44, 133, and 337 days the recoveries averaged 9, 6, and 5% of the N applied. Regression 
analysis showed no tendency for aniounts of labeled nitrate to increase with rates of 
application at 44 and 133 days (Table 3). The labeled N found as nitrate tended to be 
localized near the bands formed by ammonia injection, and it is possible that much of this 
nitrate was formed by nitrification between the time of sample collection and completion of 
drying. The finding of only small amounts of labeled NO3-N at 44 and 133 days was not 
expected because the higher rates of application supplied more N than usually considered 
necessary to maximize yields. These findings, however, are consistent with observations 
made by Sanchez (1986), who observed that soils receiving high rates of fertilization were 
essentially devoid of nitrate in the rooting zone of com at silking time. 
The amounts of labeled N recovered in the KMI-N fraction tended to be much greater 
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than in the nitrate or exchangeable ammonium fractions (Table 2). Regression analyses 
showed that N in this fraction accounted for about half of the N applied and that amounts of 
labeled N in this fraction tended to increase with rates of application (Table 3). 
Concentrations of this N tended to be greatest near the ammonia band, but detectable amounts 
were found as much as 40 cm from the center of the band. The higher concentrations in the 
band could be explained by chemical reactions of ammonia or ammonium with soil organic 
matter (Mortland, 1958; Nommik and Nilsson, 1963; Broadbent and Stevenson, 1966), 
fixation of ammonium into clay lattices (Nommik, 1957; Mortland, 1966; Juma and Paul, 
1983) , immobilization of fertilizer N by soil microorganisms (Frederick and Broadbent, 
1966; Legg et al., 1971) or incorporation of N into root tissue. Casual observations made 
during soil sampling revealed a dense proliferation of roots at the site of the ammonia band, 
so incorporation of N into root tissue could be important. Recovery of labeled N in the KMI-
N fraction at considerable distances from the band is probably best explained by plant uptake 
and transport of N and subsequent release of this N as decaying plant material. 
The amounts of labeled N recovered in the stover and grain tended to increase linearly 
with increases in amounts of N applied (Table 3). Recovery of labeled N in the grain 
averaged 14% of that applied, recovery of labeled N in the stover averaged 5% of that 
applied. Total amounts of N recovered in the soil-plant system (at 133 days) tended to 
increase linearly with increases in amounts of N applied and averaged 81% of that applied. 
Labeled N in the KMI-N fraction accounted for 53% of the labeled N recovered at 133 days 
(harvest). 
Concentrations of nonlabeled nitrate and exchangeable ammonium tended to be low and 
only slightly influenced by injection of labeled ammonia (Table 4). The slight increases in 
concentrations observed in the centers of the bands can be explained by the effects of added 
fertilizer N on decomposition of soil organic matter, often called a priming effect (Jenkinson, 
1966), or by N cycling resulting from immobilization and mineralization of N by soil 
microorganisms (Shields et ai., 1973; Jansson and Persson, 1982). It is likely that some of 
this mineral N was formed during the drying of the samples after they had been collected. 
Most of the nitrate found in the soil at 337 days (spring of the following year) was not 
labeled. This means that any second-year (carryover) effects of N fertilization would have 
been largely caused by fertilizer-induced release of nonlabeled N from the KMI-N fraction, a 
process that is poorly understood. These observations conflict with the usual assumption that 
unneeded N from fertilizer tends to be carried over as nitrate, and they suggest that cycling of 
N within soils may have greater effects than generally realized on the amounts of N available 
for leaching and denitrification between growing seasons. The observation that most of the 
fertilizer N remaining in the soil after the first cropping season was in the KMI-N fraction 
agrees with observations made by Allen et al. (1973), Olson (1980), Kitur et al. (1984), 
Power and Legg (1984), and Sanchez and Blackmer (1988). Some studies also have shown 
that labeled N remaining in the KMI-N fraction after one year is relatively unavailable to 
subsequent crops (Allen et al., 1973; Olson, 1980; Power and Legg, 1984; Sanchez and 
Blackmer,. 1988). 
Depletion of fertilizer nitrate from the rooting zone during the growth of corn clearly 
explains the lack of carryover of fertilizer N as nitrate. It is not clear, however, whether this 
depletion occurred because of movement of fertilizer N into forms not available to plants or 
whether the presence of excess N induced the movement of this N into unavailable forms. If 
the depletion was caused by reactions that reduced N availability to plants, then the results 
shown in Fig. 3 suggest that anhydrous ammonia was less effective than broadcast 
ammonium sulfate for supplying N for plant growth. Data presented show that smaller 
percentages of the ammonium sulfate N were incorporated into the KMI-N fraction and 
greater percentages were recovered in grain. 
Although such a mechanism has not been proposed, it is possible that incorporation of 
N into the KMI-N fraction is a plant response to excess N or ammonium. Involvement of 
plants seems possible because incorporation of N into this fraction was greater than observed 
by Sanchez (1986), who studied preplant applications of anhydrous ammonia. Because time 
of application should have little effect on chemical reactions of ammonium or nitrate, because 
analysis of selected samples revealed relatively small amounts of N as exchangeable 
ammonium at 133 days in this study, and because delaying applications should reduce the 
amounts of fertilizer N immobilized during the decomposition of plant residues from the 
previous crop, plant activity seems to be a likely explanation for the greater tie-up of fertilizer 
N observed in this study. 
Incorporation of fertilizer N into the KMI-N fraction helps to explain why nitrapyrln 
had no effect on recovery of anhydrous ammonia N at 133 or 337 days. Inhibition of 
nitrification would not reduce incorporation of fertilizer into the KMl-N fraction, which was 
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the major fate of the fertilizer N. Nitrification inhibitors should have been expected to have 
little benefit when applied with anhydrous ammonia in situations where incorporation of N 
into the KMI-N fraction tends to be the major factor limiting the availability of anhydrous 
ammonia-N to plants. 
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CONCLUSIONS 
The results clearly do not support my initial hypothesis that unfavorable conditions near 
the point of ammonia injection delayed the activity of nitrifying microorganisms and thereby 
limited the availability to sidedressed N to rapidly growing corn plants. The transformation 
of this N into unavailable forms was identified as a major problem, however, and this 
transformation probably is induced by the chemical conditions found near the point of 
ammonia injection. Although the processes responsible for this transformation could be 
easily confused with losses of N from soils in most studies, they would not be prevented by 
use of nitrification inhibitors. These findings raise questions concerning the merits of using 
nitrification inhibitors with anhydrous ammonia for Iowa conditions. When considered with 
the results of concurrent studies, the findings also raise questions concerning the merits of 
anhydrous ammonia relative to other N fertilizer materials. 
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PAPER II. SOIL NITRATE AND CORN YIELDS AS AFFECTED BY 
NITROGEN BROADCAST AT SELECTED RATES AND TIMES 
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INTRODUCTION 
Time of nitrogen (N) fertilization influences the amounts of N lost to the environment 
and the amounts available to the plant. The optimal time for fertilizing corn clearly varies 
with climate and soil properties (Nelson and Uhland, 1955; Olson at al., 1964; Walsh, 1970; 
Bundy 1986). In regions of high rainfall and on coarse-textured soils, delaying applications 
of N until just before plants begin rapid growth is an effective strategy for reducing losses of 
N by leaching or denitrification. The benefits of such delays are easily demonstrated by 
comparing yields resulting from fall, spring, and sidedress applications (Stevenson and 
Baldwin, 1969; Welch et al., 1971; Bundy, 1986). 
The benefits of delaying N applications have not been as easy to establish for non-
irrigated, fine-textured soils in the western half of the Com Belt. Walsh (1970) reviewed 27 
comparisons of fall- and spring-applied N in the Midwest and found small (<6 bu/acre) yield 
differences at the two times of application. Other studies in this region (Chalk et al., 1975) 
reveal that time of application had no statistically significant effects on corn yields. The 
failure to observe consistent effects of timing could be explained by less rainfall and, 
therefore, less loss of N between time of application and time of plant uptake. This failure 
should not be confused with lack of losses of N, however, because yield response 
measurements are not a sensitive tool for measuring losses of N. As demonstrated by 
Blackmer (1986), normally expected losses of fertilizer should be to expected produce 
measurable yield differences only within a ncirrow range of fertilization rates and this range 
cannot be identified when and if fertilizers must be applied. For economic and environmental 
reasons, more sensitive methods for measuring time-of-application effects on N losses are 
needed to help producers weigh the risks and benefits associated with alternative times of 
fertilization. 
Here I report studies to evaluate the late-spring soil nitrate test (Blackmer et al., 1989; 
Binford et al., 1992) and the end-of-season cornstalk test (Binford et al., 1990) as tools for 
comparing the N-supplying power of fertilizers applied to cornfields at different times. These 
evaluations are needed because, although the soil test has been calibrated for use with spring-
applied fertilizers, it has not been demonstrated that measurements of late-spring soil nitrate 
are reliable when used with fall-applied fertilizers. Moreover, procedures have not been 
outlined to enable simultaneous use of the late-spring soil nitrate test and the end-of-season 
cornstalk test for evaluating the N-supplying power of fertilizer applied at selected times. 
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MATERIALS AND METHODS 
Plots measuring 40 by 15 ft (six 30-in. rows) were established in the spring of 1987 on 
an area mapped as Nicollet (fine-loamy, mixed, mesic Aquic Hapludolls) and Webster (fine-
loamy, mixed, mesic Typic Haplaquolls) soils at the Agronomy and Agricultural Engineering 
Research Center near Ames, lA. This area had been cropped to continuous corn for more 
than five years. Tillage on the experimental site was fall chisel-plow and spring disking, with 
cultivation as needed. 
Six N-rate treatments and three time-of-application treatments were applied in a 
randomized complete block design having three blocks. The N-rate treatments were 0, 50, 
100, 150, 200, and 250 lb N/acre. Time of application treatments were fall, spring, and 
summer. The fall treatments were applied as (NH4)2S04 broadcast after the soil temperature 
was <55°F at a depth of 4 in. This N was not incorporated until spring tillage. The spring 
treatments were applied as broadcast (NH4)2S04 and incorporated shortly after application. 
The summer treatments were applied as broadcast urea that was topdressed at the time of 
sidedressing (corn plants were between 6 and 12 in. tall), and immediately incorporated 
during cultivation (except in 1991, when rainfall prohibited this cultivation). Corn (Pioneer 
3471) was planted in the first or second week of May at a rate of about 28,000 seeds/acre. 
Starting in 1988, soil samples were collected from each plot when corn plants were 6-
12 in. tall. These samples consisted of a composite of 8 to 32 1.25-in. cores collected in a 
random pattern from the center two com rows of each plot. Samples were collected only to a 
depth of one foot in 1988 and 1991, but additional samples were collected between one foot 
and two feet in 1988 and 1990. The soil samples were dried at 140°F in a forced-air dryer, 
crushed to pass a 0.08-in. sieve, and analyzed for nitrate and exchangeable ammonium by 
using a flow-injected, automated colorimetric technique (Kopp and McKee, 1979). 
Samples of lower cornstalks were collected from 10 plants within each plot at 
physiological maturity and analyzed as described by Bin ford et al. (1990). Briefly, this 
involved collecting 8-in. segments of the stalks and determining nitrate concentrations in 
these samples. Grain yields were determined by hand-harvesting 25-ft segments of the center 
two rows of each plot. Grain yields were adjusted to 15.5% moisture content. Analyses of 
variance and linear model fitting were done using ANOVA procedures in SAS JMP (SAS 
Institute, Inc., 1989). 
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RESULTS AND DISCUSSION 
Weather conditions during this 4-year study included extremes in spring rainfall (Table 
1). Below-average spring rainfall occurred in 1988 and 1989. Yields of corn were severely 
limited by drought in 1988 and, in marked contrast to normal for the region, the fertilizer 
treatments applied in 1988 could be easily seen as salt efflorescences on the surface of plots 
in the spring of 1989. Heavy rains (9.8 in.) during the first half of June, 1991 caused 
flooding on many plots, and continuous rainfall during the spring of 1991 caused unusual 
delays in field work within the region. 
Yields of grain were significantly influenced by rate and by time of fertilizer application 
in the two years with above-average rainfall, but neither rate nor time of fertilization had 
statistically significant effects on yields in the two years having below-average rainfall (Table 
2). The interaction between rate and time of fertilization was not significant in any year. The 
significant timing effect in 1990 was largely due to higher yields (especially at the 100 and 
150 lb/acre rates) in the spring-applied plots compared to fall-applied or summer-applied N 
plots. The significant timing effect in 1991 was largely due to lower yields with summer-
applied than with fall- or spring-applied fertilizer. 
End-of-season stalk nitrate concentrations were significantly influenced by rate of 
fertilization on each of the four years (Table 3). The finding that this tissue test detected 
effects of N rate during years where yield measurements did not reflects that this test, unlike 
yield response measurements, can characterize degrees of N excess. This tissue test also 
indicated that time of fertilization influenced N availability in both 1990 and 1991 and 
Table 1. Rainfall and atmospheric demand for water during the study. 
Open-pan Open-pan 
Periodt Precipitation^ evaporation§ Period Precipitation evaporation 
mm 
1988 Jan-Feb 15 (43) 0 (ndfl) 1990 Jan-Feb 29 (43) 0(nd) 
Mar 9(53) 0(nd) Mar 127 (53) 0 (nd) 
Apr 43 (86) 180 (nd) Apr 51 (86) 155 (nd) 
May 1-24 42 (86) 75(141) May 217(111) 154(182) 
May 25-
31 
Jun 
2(25) 332 (41) Jun 1-16 86 (69) 101 (109) 
53 (130) 319(204) Jun 17-30 124(61) 88 (95) 
Jul 86 (88) 278 (212) Jul 195 (88) 184 (212) 
Aug 154 (99) 264 (173) Aug 106 (99) 151 (173) 
Sep-Dec 159 (197) 290 (228) Sep-Dec 151 (197) 237 (228) 
1989 Jan-Feb 36 (43) 0(nd) 1991 Jan-Feb 24 (43) 0(nd) 
Mar 18 (53) 5 (nd) Mar 124 (53) 0 (nd) 
Apr 66 (86) 176 (nd) Apr 233 (86) 155 (nd) 
May 131 (111) 209(182) May 132(111) 146(182) 
Jun 89 (130) 219 (204) Jun 1-16 250(69) 117(109) 
Jul 62 (88) 207 (212) Jun 17-30 19(61) 102 (95) 
Aug 44(99) 152 (173) Jul 37 (88) 209 (212) 
Sep-Dec 146 (197) 256 (228) Aug 
Sep-Dec 
93 (99) 
192 (197) 
144 (173) 
236 (228) 
tWhen soils were sampled within a month, precipitation and evaporation data are presented for time periods 
before and after the time of sampling. 
4,§Values in parentheses are long-term average rainfall and open-pan evaporation, respectively, reported by 
Shaw and Waite (1964) and Shaw (1981). 
^nd: Not determined 
Table 2. Grain yields as affected by rate (R) and time (T) of N application. 
1988 1989 1990 1991 
N Rate Fall Spring Summer Fall Spring Summer Fall Spring Summer Fall Spring Summer 
lb/acre bu/acre 
50 96 91 101 115 89 83 86 91 92 105 114 86 
100 115 111 86 103 128 104 93 143 115 124 151 92 
150 117 92 107 146 143 83 143 152 143 139 149 117 
200 88 104 100 119 147 136 159 158 157 133 140 111 
250 109 107 97 142 91 131 155 157 150 154 151 103 
ANOVA 
Time (T) NS NS * * 
Rate (R) NS NS * * 
T X R  NS NS NS NS 
*, NS: Statistically significant at the 95% confidence level, not significant, respectively. 
Table 3. Stalk nitrate concentrations as affected by rate (R) and time (T) of N application. 
1988 1989 1990 1991 
N Rate Fall Spring Summer Fall Spring Summer Fall Spring Summer Fall Spring Summer 
lb/acre ppm N 
50 0.3 0.1 0.1 0.4 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 
100 0.8 1.4 1.3 0.3 0.1 0.0 0.0 0.2 0.7 0.0 1.2 0.1 
150 2.6 4.2 2.9 1.2 2.5 1.0 0.3 0.3 2.8 1.1 1.2 0.2 
200 4.1 4.5 3.9 3.4 3.8 3.7 2.1 3.4 4.1 1.8 1.4 0.1 
250 4.7 5.1 3.8 3.5 4.6 5.1 2.1 3.3 4.3 2.5 4.4 0.2 
ANOVA 
Time(T) NS NS- * * 
Rate (R) * * % * 
T X R  NS NS NS * 
*, NS: Statistically significant at the 95% confidence level, not significant, respectively. 
that the interaction between rate and timing was significant in 1991. The interaction in 1991 
reflects the low stalk nitrate concentrations at all rates of summer-applied N. 
The low yields and low stalk nitrate concentrations associated with summer-applied N 
in 1991 are evidence for N deficiencies, which were most likely caused by losses of fertilizer 
N by ammonia volatilization under the unique conditions of 1991. Frequent and heavy 
rainfall events made it necessary to apply the urea to wet soil surfaces and prohibited the 
incorporation of this N. Priebe and Blackmer (1989) demonstrated losses amounting to more 
than half of the N applied under such conditions. 
Soil samples collected in late spring showed that fall and spring applications of N 
tended to increase amounts of nitrate and exchangeable ammonium in the surface 12-in. layer 
during each year of the study (Figs. 1 and 2). The increases tended to be linearly related to 
amounts of N applied, and statistical parameters describing these relationships are shown in 
Table 4. The slopes of these relationships are noteworthy because they indicate percentage 
recovery of applied N if carryover of fertilizer from previous years was negligible. Evidence 
that carryover of fertilizer N was negligible is provided by the presence of only small 
amounts of nitrate and exchangeable ammonium in plots receiving summer-applied N; it 
seems unlikely that N would have carried over from the fall or spring applied N if it did not 
carry over from summer-applied N. 
Nitrate and exchangeable ammonium in the surface 12-in. layer of soil accounted for an 
average of 49% of the N applied in the previous fall and for an average of 62% of the N 
applied in the early spring. The difference between fall and spring applications was 
Fig. 1. Relationships between rates of N fertilization and amounts of nitrate and 
exchangeable ammonium found in the surface 12-in. layer of soil in the late spring. 
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Fig. 2. Relationships between rates of N fertilization and amounts of nitrate found in 
the surface 12-in. layer of soil in the late spring. 
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Table 4. Linear parameters illustrated in Figs. 1 and 2. 
Parameters for Fig. 1 Parameters for Fig. 2 
Crop 
year 
Time of 
N 
application Intercept Slopet Intercept Slope r2 
Portion of 
N 
recovered 
as nitratet 
1988 Fall 
Spring 
59 
67 
0.74 
0.56 
0.75 
0.69 
47 
50 
0.45 
0.45 
0.74 
0.51 
% 
61 
80 
1989 Fall 
Spring 
40 
38 
0.67 
0.75 
0.78 
0.88 
18 
20 
0.50 
0.60 
0.75 
0.94 
75 
80 
1990 Fall 
Spring 
. 22 
18 
0.24 
0.49* 
0.82 
CX83 
5 
4 
0.24 
0.39* 
0.78 
0.86 
100 
80 
1991 Fall 
Spring 
34 
35 
0.32 
0.69* 
0.77 
0.84 
11 
18 
0.28 
0.43* 
0.79 
0.81 
88 
62 
* S lopes within each year are significantly different by t test (f <0.05). 
tSlope in Fig. 2 / Slope in Fig.l X 100. 
significant in 1990 and in 1991 (when spring rainfall was above average), but it was not 
significant in 1988 or 1989 (when spring rainfalls were below average). Apparent recovery 
averaged 66% of the N applied for the two dry years and 44% for the two wet years. Within 
the two wet years, apparent recovery averaged 28% for fall-applied N and 59% for spring-
applied N. 
Calculations described in Table 4 reveal that increases in amounts of nitrate accounted 
for most (mean of 78%) of the effect of adding fertilizer. This finding suggests that 
nitrification of fertilizer N was largely complete when the soils were sampled in late spring. 
Neither time of fertilization nor rainfall had a consistent effect on the percentage of N found 
as nitrate. 
The late-spring soil test and the end-of-season stalk showed remarkably good 
agreement when used to evaluate the N status of plots receiving spring applications of 
fertilizer. This agreement is illustrated by Fig. 3, which shows that the tests significantly 
disagreed in only 1 out of 93 plots. Significant disagreement occurs only when treatments 
evaluated as having adequate N by the tissue test (solid circles in Fig. 3) were shown to have 
below-optimal amounts of N by the soil test or when treatments having inadequate N by the 
tissue were shown to have above-optimal amounts of N by the soil test. The optimal ranges 
indicated in Fig. 3 for the soil and tissue tests were identified in independent studies having 
spring-applied N (Binford et al., 1992). 
Fig. 3 indicates more disagreements between the soil test and the tissue tests on plots 
receiving fall-applied N than on plots receiving spring-applied N. The extent to which these 
Fig. 3. Relationships among soil nitrate concentrations in late spring, grain yields, and 
N status of com as indicated by the end-of-season cornstalk test. 
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tests would agree on years having near-normal amounts of rainfall can be established only in 
future studies. It seems likely, however, that the number of these disagreements could have 
been reduced by sampling deeper or by adjusting optimal nitrate concentrations to account for 
differences in spring rainfall. The need for some adjustment of the soil test for fall-applied N 
is consistent with the greater amounts of movement of N below the surface layer. 
Evidence for movement of nitrate from the surface 12-in. layer of soil into the second 
12-in. layer in 1990 is provided in Fig. 4, which shows significant relationships between 
concentrations of nitrate in these layers. The downward movement was greater for the fall-
applied N (concentrations in the second layer averaged 71% of that in the first layer) than for 
the spring-applied N (concentrations in the second layer averaged 40% of that in the first 
layer). Relationships in Fig. 4 suggest that negligible downward movement of nitrate 
occurred in 1988, which had below-average rainfall. The second layer was not sampled in 
1989 or 1991. 
Relationships between the first and second 12-in. layers were poor when data for both 
years and both times of application were pooled (Fig. 5). These poor relationships should be 
expected because the amounts of leaching that occurred differed greatly among years and 
application times. Although these observations would suggest that sampling to a depth of 
only one foot has little value, it should be noted that the concentrations of nitrate in the 
surface 12-in. layer of soil were good predictors of the amounts of nitrate in the surface 24-
in. layer of soil when data from both years are pooled (Fig. 6). This apparent contradiction 
can be resolved by recognizing that most of the nitrate is usually in the surface 12-in. layer 
Fig. 4. Within-year relationships between concentrations of nitrate in the first and 
second (12-in.) layers of soils. 
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and that there tends to be a tendency for correlation of concentrations between the layers. 
These observations suggest that sampling to one foot provides about as much information as 
sampling to two feet for a wide range of conditions, but some adjustment of the testing 
procedure may be beneficial when extreme differences in rainfall occur. 
Spatial variability within the study seemed to a major problem in establishing 
relationships between yields and rates of fertilization (Fig. 7). In 1988 for example, visual 
observations of the experimental area at any time during the growing season revealed that the 
severity of drought stress tended to vary in spatial patterns not associated with plots. These 
patterns undoubtedly reflected spatial variability in soil properties that influence availability of 
water; sand lenses tend to occur in unpredictable patterns in these soils. Because the 
relationships illustrated in Fig. 3 leave little doubt that N availability influenced yields in 
1988, the absence of a statistically significant effect of N rate on yields (Table 2) must be 
attributed to the overwhelming effect of factors other than N availability on yields (Fig. 7) 
rather than an lack of an economically significant effect of N rate on yields. 
Another example suggesting that spatial variability in soil properties obscured 
relationships between yields and rates of fertilization is illustrated for spring-applied N in 
1991. Excellent agreement is observed among yields, concentrations of soil nitrate in late 
spring, and N status as indicated by the end-of-season stalk test (Fig. 3) if it is recognized 
that factors other than N availability sometimes reduce yields. In view of this agreement and 
in view of general knowledge that soil properties can influence losses of N, lack of clear 
relationship between yields and rates of fertilization at 100, 150, and 200 lbs N/acre seems to 
Fig. 7. Relationships among rates of N application, yields of grain, and N status as 
indicated by the end-of-season cornstalk test. 
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be best explained by spatial variability in losses of nitrate in this very wet spring. 
The problems seemingly introduced by spatial variability demonstrates a noteworthy 
dilemma in studies that evaluate alternative N management practices by measuring only yield 
responses to N. Relationships between yields and N availability are often obscured by subtle 
changes in soil type in studies that cover several acres of soil. Although this problem can be 
avoided by conducting studies on small areas that are carefully selected for uniformity, the 
results of such a study are not applicable to the several-acre area in this study This dilemma 
is largely avoided by using the late-spring soil nitrate test and the end-of-season stalk test 
because these tests give assessments of N availability that are less influenced by factors other 
than N availability. 
63 
LITERATURE CITED 
Binford, G. D., A. M. Blackmer, and N. M. El-Hout. 1990. A tissue test for excess 
nitrogen during corn production. Agron. J. 82:124-129. 
Binford, G. D., A. M. Blackmer, and M. E. Cerrato. 1992. Relationships between corn 
yields and soil nitrate in late spring. Agron. J. 84:53-59 
Blackmer, A. M. 1986. Potential yield response of com to treatments that conserve fertilizer 
nitrogen in soils. Agron. J. 78:571-575. 
Blackmer, A. M., D. Pottker, M. E. Cerrato, and J. Webb. 1989. Correlations between soil 
nitrate concentrations in late-spring and com yields in Iowa. J. Prod. Agric. 2:103-109. 
Bundy, L. G. 1986. Timing nitrogen applications to maximize fertilizer efficiency and crop 
response in conventional com production. J. Pert. Issues 3:99-106. 
Chalk, P. M., D. R. Keeney, and L. M. Walsh. 1975. Crop recovery and nitrification of 
fall and spring applied anhydrous ammonia. Agron. J. 67:33-37. 
Kopp, J. F., and G. D. McKee. 1979. Methods for chemical analysis of water and wastes. 
• U. S. Environ. Protection Agency Method 353.2. 
Nelson, L. B., and R. E. Uhland. 1955. Factors that influence loss of fall applied fertilizers 
and their probable importance in different sections of the United States. Soil Sci. Soc. 
Am. Proc. 19:492-496. 
Olson , R. A., A. F. Drier, C. Thompson, and P. H. Grabouski. 1964. Using fertilizer 
nitrogen effectively on grain crops. Nebraska Agr. Exp. Sta. Res. Bull. SB 479. 
Priebe, D. L., and A. M. Blackmer. 1989. Preferential movement of oxygen-18-labeled 
water and nitrogen-15-labeled urea through macropores in a Nicollet soil. J. Environ. 
Qual. 18:66-72. 
SAS Institute. 1989. JMP user's guide: Version 2 of JMP. SAS Inst., Inc., Cary, NC. 
Shaw, R. H. 1981. Evaporation climatology of Iowa. Iowa Agric. Home Econ. Exp. Stn. 
Spec. Rep. 88. Iowa State University, Ames, lA. 
Shaw, R. H., and P. J. Waite. 1964. The climate of Iowa: III. Monthly crop season and 
annual temperature and precipitation normals for Iowa. Iowa Agric. Home Econ. Exp. 
Stn. Spec. Rep. 38. Iowa State University, Ames, lA. 
Stevenson, C. K., and C. S. Baldwin. 1969. Effect of time and method of nitrogen 
application and source of nitrogen on the yield and nitrogen content of com. Agron. J. 
61:381-384. 
Walsh, L. M. 1970. Let's take another look at fall fertilization. Crops Soils 22(9):8-9. 
Welch, L. F., D. L. Mulvaney, M. G. Oldham, L. V. Boone, and J. W. Pendleton. 1971. 
Corn yields with fall, spring, and sidedress nitrogen. Agron. J. 63:119-123. 
65 
PAPER III. SOIL NITRATE AND CORN YIELDS AS AFFECTED BY 
NITROGEN BANDED AS ANHYDROUS AMMONIA AT 
SELECTED RATES AND TIMES 
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INTRODUCTION 
Anhydrous ammonia is the most widely used nitrogen (N) fertilizer in the Com Belt. It 
is unique among fertilizer materials because it is injected into the soil as a mixture of liquid 
and gas that immediately reacts with water in the soil to form ammonium ions. The 
ammonium tends to remain near the point of injection until converted to nitrate by soil 
microorganisms. Because the activity of these microorganisms is inhibited by low 
temperatures, anhydrous ammonia applied to cold soils in the fall tends to remain as 
ammonium until soil temperature increases in the spring. Because ammonium cannot be 
denitrified and is not readily leached from most soils, anhydrous ammonia is usually 
considered the most desirable N fertilizer for fall application for com production in the Corn 
Belt. 
Although it is generally accepted that anhydrous ammonia is the preferred fertilizer for 
fall applications, there are few published reports concerning the relative effectiveness of fall-, 
spring", and summer-applied anhydrous ammonia for corn production in the western part of 
the Corn Belt. Workers in Wisconsin and Iowa found no difference between fall and spring-
applied anhydrous ammonia (Chalk et al., 1975; Gomes, 1982). However, other studies in 
Canada, Georgia, Wisconsin, and Minnesota (Stevenson and Baldwin, 1969; Boswell, 1977; 
Hendrickson et al., 1978; Malzer and Randall, 1985) found that grain yields were greater on 
spring- than on fall-applied plots. 
Here I report a four-year study to learn more about the effects of rate and timing of 
anhydrous ammonia on soil niffate concentrations, end-of-season stalk nitrate concentrations. 
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and corn yields. Comparisons of the effects of anhydrous ammonia and the effects of 
broadcast ammonium sulfate (reported in Paper II of this dissertation) are also presented. 
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MATERIALS AND METHODS 
Plots measuring 40 by 15 ft (six 30-in. rows) were established in the spring of 1987 on 
Nicollet (fine-loamy, mixed, mesic Aquic Hapludolls) and Webster (fine-loamy, mixed, 
mesic Typic Haplaquolls) soils at the Agronomy and Agricultural Engineering Research 
Center near Ames, lA. A 3.5-acre portion of the area had been cropped to continuous corn 
for more than five years. A 4-acre portion of the area was split in half and com and soybeans 
were rotated between the halves. Tillage on the experimental site was chisel-plowing in the 
fall and spring disking, with cultivation as needed. 
Six N-rate treatments and three time-of-application treatments were applied in a 
randomized complete block design having three blocks. The N-rate treatments were 0, 50, 
100, 150, 200, and 250 lb N/acre. Time-of-application treatments were fall, spring, and 
summer. The fall N treatments were applied when soil temperatures were <55°F at 4 in. 
below the soil surface. The spring treatments were applied shortly before com planting. The 
summer treatments were applied when corn plants were between 8 and 16 in. tall. Corn 
(Pioneer 3471) was planted in the first or second week of May at a rate of about 28,000 
seeds/acre. 
All N treatments were applied as anhydrous ammonia injected in the soil at a depth of 
about 8 in. using a tractor-mounted applicator designed for field plot use. Essential features 
of the applicator included an integral weighing device connected to load cells at the four 
corners of a 35-gal anhydrous ammonia tank, a differential pressure regulator designed for 
anhydrous ammonia, and a radial distribution manifold that evenly distributed ammonia 
among the applicator knives. The anhydrous ammonia tank was insulated to help maintain 
constant temperature, which controlled pressure in the tank. Tank pressure was maintained at 
60 psi by venting ammonia vapor from the tank as needed. Amounts of ammonia in the tank 
were weighed before and after application of fertilizer to each plot and the amounts actually 
applied were recorded as the N treatment. Actual application rate often differed from intended 
application rate, so N application rates were treated as continuous rather than discrete 
variables. Fertilizer dreatments that should have been applied in the fall of 1986 were actually 
applied in the spring of 1987. Starting in 1988, soil samples were collected from each plot 
when corn plants were 6-12 in. tall. These samples consisted of a composite of 8 to 32 cores 
(1.25-in. diam.) collected from two interrows in the center of each plot. The cores were 
collected in "sets of eight cores" intended to simulate the sampling pattern described by 
Blackmer et al. (1991). Samples were collected only to a depth of one foot in 1989 and 
1991, but additional samples were collected between one foot and two feet in 1988 and 1990. 
The soil samples were dried at 140°F in a forced-air dryer, crushed to pass a 0.08-in. sieve, 
and analyzed for nitrate and exchangeable ammonium by using a flow-injected, automated 
colorimetric technique (Kopp and McKee, 1979). 
Samples of lower cornstalks were collected from ten plants within each plot at 
physiological maturity and analyzed as described by Binford et al. (1990). Briefly, this 
involved collecting 8-in. segments of the stalks and determining nitrate concentrations in 
these samples. Grain yields were determined by hand-harvesting 25-ft. segments of the 
center two rows of each plot. Grain yields were adjusted to 15.5% moisture content. 
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Analyses of variance and linear model fitting were done using ANOVA procedures in SAS 
J MP (SAS Institute, Inc., 1989). 
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RESULTS AND DISCUSSION 
Weather conditions during this study included extremes in rainfall (Table 1). Both 
1988 and 1989 had significantly below-average spring rainfall, and lack of rainfall severely 
limited corn growth in 1988. In contrast, 1990 and 1991 had much greater average spring 
rainfall. Heavy rainfall (9.8 in.) during the first two weeks of June in 1990 caused severe 
floods in nearby communities and unusual standing water within the experimental area. A 
high frequency of rainfall during the spring of 1991 resulted in unusually wet soil conditions 
for several weeks. 
The effects of N rate on grain yields are shown in Figs. 1 and 2. Regression analyses 
showed significant effects of N rate for all years and at both sites except the soybean-corn site 
in 1988. Comparisons of the quadratic and linear parameters describing these relationships 
revealed no difference between fall and spring or between spring and summer applications 
(Table 2). Data presented in Figs. 1 and 2 suggest that spatial variability within the 
experimental area made it difficult to detect statistically significant differences among times of 
N application. In 1988 spatial variability in soil moisture availability appeared to be the 
major factor influencing yields. Extremes in rainfall probably accentuated subtle differences 
in soil type and enhanced spatial variability in yield potential and losses of N within the 
experimental area. Yield response measurements are influenced by many factors other than N 
availability and, therefore, provide a poor basis for evaluating N availability (Blackmer, 
1986; Paper II of this dissertation) 
Time of application usually had no statistically significant effect on yield potential as 
Table 1. Rainfall and atmospheric demand for water during the study. 
Open-pan 
Periodt Precipitation^: evaporation§ Period Precipitation 
Open-pan 
evaporation 
mm mm 
1988 
1989 
Jan-Feb 15 (43) 0(ndH) 1990 Jan-Feb 29 (43) 0(nd) 
Mar 9(53) 0(nd) Mar 127 (53) 0(nd) 
Apr 43 (86) 180 (nd) Apr 51 (86) 155 (nd) 
May 1-24 42 (86) 75(141) May 217(111) 154(182) 
May 25-
O 1 
2(25) 332 (41) Jun 1-16 86(69) 101 (109) 
31 
Jun 53(130) 319(204) Jun 17-30 124 (61) 88(95) 
Jul 86 (88) 278 (212) Jul 195 (88) 184 (212) 
Aug 154 (99) 264 (173) Aug 106 (99) 151 (173) 
Sep-Dec 159 (197) 290 (228) Sep-Dec 151 (197) 237 (228) 
Jan-Feb 36 (43) 0 (nd) 1991 Jan-Feb 24 (43) 0(nd) 
Mar 18 (53) 5(nd) Mar 124 (53) 0(nd) 
Apr 66 (86) 176 (nd) Apr 233(86) 155 (nd) 
May 131 (111) 209(182) May 132(111) 146(182) 
Jun 89(130) 219 (204) Jun 1-16 250 (69) 117(109) 
Jul 62 (88) 207 (212) Jun 17-30 19(61) 102 (95) 
Aug 44 (99) 152 (173) Jul 37 (88) 209(212) 
Sep-Dec 146 (197) 256 (228) Aug 93 (99) 144(173) 
Sep-Dec 192 (197) 236(228) 
tWhen soils were sampled within a month, precipitation and evaporation data are presented for time periods 
before and after the time of sampling. 
$,§Values in parentheses are long-temi average rainfall and open-pan evaporation, respectively, reported by 
Shaw and Waite (1964) and Shaw (1981). 
^nd: Not determined 
Fig. 1. Relationships between rates of anhydrous ammonia application and grain 
yields for the corn-corn site. 
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Table 2. Yield parameters illustrated in Figs. 1 and 2. 
Time of 
Crop N Quadratic Linear 
year application Intercept parameters parameters 
Corn-Corn Site 
1988 Fall 59 -0.002 0.57 0.59 
Spring 65 -0.003NSt 0.86NS 0.59 
Summer 64 -0.002NS 0.57NS 0.40 
1989 Fall 42 -0.002 0.90 0.84 
Spring 46 -0.003NS l.llNS 0.84 
Summer 47 -0.003NS 1.08NS 0.81 
1990 Fall 55 -0.002 0.92 0.90 
Spring 54 -0.003NS 1.15NS 0.93 
Summer 60 -0.003NS 1.14NS 0.84 
1991 Fall 65 -0.001 0.53 0.71 
Spring 68 -0.00 INS 0.68NS 0.59 
Summer 66 -O.OOINS 0.60NS 0.78 
Soybean-Corn Site 
1988 Fall 108 -0.001 0.33 0.15 
Spring 107 -O.OOINS 0.28NS 0.14 
Summer 105 0.002NS -0.05NS 0.23 
1989 Fall 119 -0.001 0.50 0.67 
Spring 117 -0.002NS 0.62NS 0.78 
Summer 115 -0.002NS 0.49NS 0.75 
1990 Fall 101 -0.001 0.55 0.57 
Spring 104 -0.002NS 0.64NS 0.64 
Summer 103 -0.004NS 0.93NS 0.55 
1991 Fall 77 -0.001 0.52 0.89 
Spring 84 -O.OOINS 0.53NS 0.51 
Summer 73 -0.004NS 0.98NS 0.70 
INS: Slopes within each year were not significantly different by t test (f <0.05) from 
the slope above. 
indicated by yields observed at rates of fertilization greater than 150 lb/acre (Table 3). In 
1990 on the corn-corn site, however, yields with summer-applied N were significantly less 
than with either fall- or spring-applied N. This reduction in yield potential could be explained 
by an ammonia burn on plants that was clearly visible a few days after sidedressing the N. 
Some ammonia apparently escaped from the soil through unsealed knife channels left by the 
applicator knives passing through extremely wet spring soils. The lower yields for summer-
applied N were not caused by N deficiencies because the end-of-season cornstalk test showed 
that these plots had adequate N (Fig. 1 : corn-corn site, summer-applied N) 
Any effects of application time on yields at low rates of fertilization were obscured by 
the inability of the applicator to apply exactly the same amounts of N within a treatment or by 
spatial variability of soil properties in the study area. Problems caused by an inability to 
apply exact rates of anhydrous ammonia are unavoidable (Moraghan, 1980), but my ability to 
determine actual rates applied to individual plots reduced errors caused by incorrectly 
assuming that application rates matched intended rates. 
Figs. 3 and 4 show the relationships between rates of anhydrous ammonia application 
and stalk nitrate concentrations at the end of the season. Rate of N application usually had 
clear effects on stalk nitrate concentrations, but time of application had little effect. In 1991, 
however, spring-applied N tended to be more effective at meeting plant requirements than 
was fall-applied N. Nitrate concentrations in this tissue tend to remain low and unaffected by 
rate of N application when plants are deficient in N, but increase with rate of N application in 
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Table 3. Corn yields resulting from application of greater than 150 lb N/acre of 
anhydrous ammonia at selected times. 
Year Fall-applied N Spring-applied N Summer-applied N 
bu/acre 
Corn-Corn 
1988 .103at 114a 99a 
1989 144a 139a 141a 
1990 145a 154a 135b 
1991 133a 145a 140a 
Soybean-Com 
1988 127a 122a 126a 
1989 153a 162a 151a 
1990 151a 160a 148a 
1991 147a 136a 137a 
tMean yields within the same year that are followed by the same lowercase 
letter are not significantly different at the 0.05 level Tukey HSD. 
Fig. 3. Relationships between rates of anhydrous ammonia application and 
concentrations of nitrate found in cornstalks at the end of the growing season for the 
corn-corn site. 
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Fig. 4. Relationships between rates of anhydrous ammonia application and 
concentrations of nitrate found in cornstalks at the end of the growing season for the 
soybean-corn site. 
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plants having near-optimal or above-optimal supplies of N. The spring-applied N was more 
effective because stalk nitrate concentrations tended to start increasing at lower rates of 
fertilization and tended to be greater at higher rates of fertilization. 
The amounts of N found as nitrate and exchangeable ammonium in the surface 12-in. 
layer of soil in late spring tended to increase linearly with increases in amounts of fall- or 
spring-applied fertilizer (Figs. 5-8). Statistical parameters describing these relationships are 
shown in Table 4 , where the slope parameter reflects percentage recovery of applied N if it is 
assumed that carryover of fertilizer from previous years was negligible. Generally, carryover 
of fertilizer N seemed unimportant in 1990 and 1991 because no effects of previous N 
treatments were observed on plots receiving summer-applied N, which was applied after 
the soil was sampled. Some may have been carried over during the two years having little 
spring rainfall, but the amounts represented only small percentages of the effects of 
fertilization. Plots receiving greater than 200 lb/acre of fertilizer N are noted by using 
separate symbols in the fall and spring-applied N plots because there was evidence that 
sampling problems around bands of anhydrous ammonia occurred at the higher rates of 
fertilization. 
The amounts of nitrate and exchangeable ammonium found in the surface 12-in. layer 
of soil in late spring accounted for an average of 56% of the N applied in the previous fall, 
and 72% of the amounts applied in the early spring (Table 4). For the two wet years, 
recoveries averaged 36% of the fall-applied N and 68% of the spring-applied N. These 
recoveries suggest substantial losses occurred in the fall-applied N plots during the two wet 
Fig. 5. Relationships between rates of anhydrous ammonia application and amounts 
of N found as nitrate and exchangeable ammonium in the surface 12-in. layer of soil in 
late spring for the corn-corn site. 
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Fig. 7. Relationships between rates of anhydrous ammonia application and amounts 
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site. 
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N Rate<200 lb/acre # 100-
N Rate>200 lb/acre ^  
300 
Rate of anhydrous ammonia (lb N/acre) 
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Table 4. Linear parameters illustrated in Figs. 5-8 
Crop 
year 
Time of 
N 
application 
Parameters for Fig. 5 
NH4+NO3 
Intercept Slope 
Parameters for Fig. 7 
NO3 
Intercept Slope /•2 
Portion of 
N 
recovered 
as nitratet 
Corn-Corn Site 
% 
1988 • Fall 50 0.54 0.81 37 0.44 0.84 81 
Spring 55 0.89NS 0.60 44 0.40NS 0.51 45 
1989 Fall 39 0.60 0.81 18 0.51 0.94 85 
Spring 41 0.76NS 0.89 21 0.51NS 0.91 67 
1990 Fall 25 0.39 0.60 9 0.32 0.60 82 
Spring 30 0.37NS 0.75 14 0.19NS 0.61 51 
1991 Fall' 34 0.44 0.62 13 0.38 0.69 86 
Spring 44 0.70NS 0.54 18 0.35NS 0.64 50 
Soybean-Corn Site 
Parameters for Fig. 6 Parameters for Fig. 8 
NH4+NQ3 NO3 
1988 Fall 67 1.18 0.87 56 1.05 0.87 89 
Spring 88 (163* 0.65 74 0.46* 0.58 73 
1989 Fall 65 0.70 0.72 28 0.65 0.63 93 
Spring 60 0.77NS 0.70 29 0.40NS 0.72 52 
1990 Fall . 38 0.39 0.73 22 0.35 0.69 90 
Spring 49 0.77* 0.76 32 0.62* 0.71 81 
1991 Fall 37 0.21 0.46 15 0.20 0.53 95 
Spring 32 0.87* 0.80 14 0.55* 0.70 63 
*, NS: Slopes within each year are significantly different from the slope above it by t test 
(F<0.05), or not significant, respectively. 
tSlope in Fig. 7 or 8 / Slope in Fig. 5 or 6 X 100. 
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years. 
Apparent recoveries of anhydrous ammonia within the corn-corn plots on the two wet 
years were 42% for the fall-applied N and 54% of the spring-applied N. Corresponding 
recoveries of N from broadcast ammonium sulfate were 28% for the fall-applied N and 59% 
of the spring-applied N (Paper II of this dissertation). Comparisons of these recoveries 
indicate less loss of anhydrous ammonia N than of ammonium sulfate N, but differences 
between fertilizer materials were much less than differences between times of application. 
A mean of 74% of the fertilizer N recovered in the surface layer was present as nitrate 
(Figs. 7 and 8 and Table 4). The percentage of N recovered as nitrate averaged 88% for fall-
applied N and 60% for spring-applied N. The difference between these percentages, of 
course, indicates greater nitrification of the fall-applied N. Corresponding percentages for 
broadcast ammonium sulfate in the companion study were 81% for fall-applied N and 76% 
for spring-applied N. These observations indicate that spring-applied anhydrous ammonia 
was nitrified more slowly than was either fall-applied fertilizer or the spring-applied 
ammonium sulfate. 
Reasonable agreement was observed among concentrations of soil nitrate in late spring, 
grain yields, and the N status of the corn as indicated by the end-of-season cornstalk test. 
Recognition of this agreement is facilitated by Figs. 9 and 10, which show an independently 
determined (Binford et al., 1992a) optimal range for soil nitrate and use an independently 
determined (Binford et al., 1992b) critical concentration of stalk nitrate to distinguish plants 
that are deficient from N from those that are not deficient. Relatively low yields on plots that 
Fig. 9. Relationships among soil nitrate concentrations in late spring, grain yields, and 
N sufficiency of corn as indicated by the end-of-season cornstalk test for the corn-corn 
site. 
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Fig. 10. Relationships among soil nitrate concentrations in late spring, grain yields, 
and N sufficiency of corn as indicated by the end-of-season cornstalk test for the 
soybean-corn site. 
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have ample N in the soil in late spring and ample N in the stalk at the end of the season can be 
identified as plots where factors other than N availability caused the low yields. 
Disagreements between the tests can be easily spotted by solid circles (adequate N) to the left 
of the critical soil test range or open circles (inadequate N) to the right of this range. 
Many of the disagreements between the soil and tissue tests occurred at high rates of 
fertilization and, therefore, the rates greater than 200 lb/acre are noted by using different 
symbols in Figs. 9 and 10. Such disagreements are not a problem limiting practical use of 
the soil test because the test is not recommended for use with anhydrous ammonia applied at 
these rates '(Blackmer et al, 1991). 
Disagreements between the soil and tissue tests in 1990 can be attributed to unusual 
heavy rainfall shortly before the samples were taken. Large rainfall events immediately 
before sampling should be expected to remove nitrate and thereby obscure the normal 
relationship between nitrate concentration and N-supplying-power of the soil. It is 
noteworthy, however, that this rainfall did not pose a problem when the test was used with 
ammonium sulfate broadcast in the spring. The greater problem with anhydrous ammonia 
could be explained because, as noted in discussions relating to Table 4, less extensive 
nitrification of anhydrous ammonia-N had occurred when the soils are sampled. 
Figs. 11 and 12 show that the number of disagreements between the soil and tissue 
tests was not reduced by including exchangeable ammonium in the soil test. The reason that 
the test is not improved by adding exchangeable ammonium was not readily evident, but 
reasonable explanations include sampling problems associated with bands of anhydrous 
Fig. 11. Relationships among concentrations of soil N as nitrate and exchangeable 
ammonium in late spring, grain yields, and N sufficiency of corn as indicated by the 
end-of-season cornstalk test for the corn-corn site. 
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Fig. 12. Relationships among concentrations of soil N as nitrate and exchangeable 
ammonium in late spring, grain yields, and N sufficiency of corn as indicated by the 
end-of-season cornstalk test for the soybean-corn site. 
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ammonia (Hughes and Welch, 1970; Touchton et al., 1978; Sanchez, 1986) or losses of 
exchangeable ammonium by fixation into clay lattices or ammonia volatilization during 
sample drying (Blasco and Cornfield, 1966; Black and Waring, 1972; Thompson and 
Blackmer, 1992). The observation that inclusion of exchangeable ammonium did not 
significantly improve the performance of the late-spring soil nitrate test is consistent with 
earlier reports (Blackmer et al., 1989; Binford et al., 1992a) that compared soils tests with 
and without inclusion of exchangeable ammonium. 
Nitrate concentrations in soil samples collected from the 12- to 24-in. layer of soil in 
1988 and 1990 were correlated to nitrate concentrations in the surface layer of the corn-corn 
plots, but these correlations were not strong (Figs. 13-16). This is noteworthy because, 
within years and times of applications, much better correlations were observed on the wetter 
year for broadcast ammonium in the companion study (Paper II of this dissertation) and 
because good correlations'evidence downward movement of nitrate. The poorer correlations 
with anhydrous ammonia probably should be attributed to slower nitrification of this N and, 
therefore, less time for downward movement to occur. Despite these poor correlations, 
concentrations of nitrate in surface 12-in. layer were good estimators of concentrations in the 
surface 24-in, layer of soil (Figs. 15 and 16). This can be explained by the greater 
concentrations in the surface layer and a tendency for correlation between layers under some 
conditions. 
The good correlation in Fig. 12 suggests that, like for broadcast fertilizers (Binford et 
al, 1992a), sampling soils fertilized with anhydrous ammonia to 24 in. provides little more 
Fig. 13. Relationships between concentrations of nitrate in the 0- to 12-in. layer and 
the 12-to 24-in. layer of soils in late spring for the corn-corn site. 
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Fig. 14. Relationships between concentrations of nitrate in the 0- to 12-in. layer and 
the 12-to 24-in. layer of soils in late spring for the soybean-corn site. 
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Fig. 15. Relationships between concentrations of nitrate in the 0- to 12-in. layer and 
the 0-to 24-in. layer of soils in late spring for the corn-corn site. 
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Fig. 16. Relationsliips between concentrations of nitrate in the 0- to 12-in. layer and 
the 0-to 24-in. layer of soils in late spring for the soybean-corn site. 
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information than does sampling to 12 in. when the late-spring soil test is used on finer-
textured soils. These observations, however, do not conflict with the possibility that the test 
could be improved by deeper sampling on coarse-textured soils or by adjusting critical 
concentrations for amounts of spring rainfall or time of fertilization. 
The end-of-season cornstalk test indicated that the broadcast ammonium sulfate had 
greater N-supplying power than did anhydrous ammonia during the wet spring of 1991 (Fig. 
17). This observation seems to conflict with the greater recoveries observed by the late-
spring soil test when anhydrous ammonia was applied. It is consistent with the greater 
recovery of anhydrous ammonia N in late spring. The end-of-season cornstalk test suggests, 
however, that the broadcast ammonium sulfate may have provided more N for plant growth 
(Fig. 17). A possible explanation is that, because ammonium is nitrified more slowly, a 
higher percentage of the N in anhydrous ammonia became incorporated into forms that are 
unavailable to plants. Recent studies (Sanchez, 1986; Paper I of this dissertation) using 
labeled N indicate that such tie-up is a greater problem with anhydrous ammonia than with 
broadcast ammonium sulfate and that such tie-up can occur after the corn plants are 6-12 in. 
tall. 
The possibility that tie-up of fertilizer N is a significantly greater problem with 
anhydrous ammonia than with other fertilizers should not be dismissed on the basis of reports 
(Smith, 1952; Pearson et al., 1961) that yields of com fertilized with anhydrous ammonia are 
not significantly different than other fertilizer materials applied at similar rates. Studies 
reported by Sanchez (1986) and Thompson (1991) suggest that the amounts of N tied up may 
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vary greatly with differences in soil type within a field. The resulting spatial variability, plus 
the uncertainty associated with actual rates of anhydrous ammonia application, would tend to 
substantially reduce the effectiveness of yield response measurements of evaluating fertilizer 
materials. As noted in Paper II of this dissertation, plant responses to fertilizers are 
confounded by many factors other than N availability and they provide effective evaluation of 
N availability only under special conditions. 
Fig. 17. Relationships between rates of fertilizer application and cornstalk nitrate 
concentrations for anhydrous ammonia and broadcast ammonium sulfate for the corn-
corn site. 
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CONCLUSIONS 
The results are consistent with previous reports that fall, spring, and summer 
applications of anhydrous ammonia usually result in similar yields of corn. Soil samples 
collected in late spring, however, presented evidence that substantially greater losses of fall-
applied N can occur during springs having greater than average amounts of rainfall. The end-
of-season cornstalk test confirmed that the fall-applied anhydrous ammonia was less effective 
than spring-applied anhydrous ammonia in a year having a wet spring. Overall, the results 
suggest that in wet years losses of fall-applied anhydrous ammonia N from the surface foot 
of soil are nearly as great as losses of fall-applied broadcast ammonium sulfate. 
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GENERAL SUMMARY 
Nitrogen (N) studies using ^^^-labeled and nonlabeled anhydrous ammonia were 
conducted from 1986-1991 to provide more information concerning the transformations and 
movement of anhydrous ammonia N in soils, and the performance of recently developed soil 
and tissue tests in Iowa soils treated with this fertilizer material. The objectives of the work 
reported in this dissertation were (i) evaluation of the hypothesis that unfavorable conditions 
created by injection of anhydrous ammonia could delay nitrification and thereby reduce the 
availability of fertilizer N to rapidly growing com plants, (ii) evaluation of the late-spring soil 
nitrate test and the end-of-season cornstalk test as tools for comparing the N-supplying power 
of broadcast N fertilizers applied to cornfields at selected rates and times, (iii) evaluation of 
the effects of rate and timing of anhydrous ammonia on soil nitrate concentrations, end-of-
season stalk nitrate concentrations, and com yields, and (iv) comparisons of the effects of 
anhydrous ariimonia and broadcast ammonium sulfate applied at selected rates and times. 
Paper I reports findings from studies using ^^N-iabeled anhydrous ammonia. Most of 
the labeled N recovered was present in forms not available for plant uptake (as organic matter 
or nonexchangeable ammonium). The amounts found in each fraction tended to increase 
linearly with rate of application. The availability of anhydrous ammonia-derived N was 
limited more by transformation to unavailable forms than by losses from the soil. The 
transformation to unavailable forms was a greater problem with anhydrous ammonia than 
with broadcast ammonium sulfate, and this transformation may reduce the comparative 
effectiveness of anhydrous ammonia as a fertilizer. 
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Results for Paper II, a study using broadcast N fertilizers applied at selected rates and 
times, were strongly influenced by rainfall patterns. Two years had above-average rainfall, 
and two had below-average rainfall. Observed soil nitrate concentrations and yield data 
indicated greater losses of fall-applied N than spring-applied N on the wet years. Yields were 
reduced by losses of summer (sidedress)-applied N during one wet year, and yields were 
dominated by factors other than N availability on the driest year. The results demonstrate that 
the late-spring soil nitrate test and the end-of-season cornstalk test are effective tools for 
comparing the N-supplying power of fertilizers applied at different times. These tests 
provide more information than analysis of yield response alone, because of the variety of 
ways N can be lost from soils and the complex relationship between grain yields and N 
availability in soils. 
Paper III reports results from a companion study to the study described in Paper II. 
Anhydrous ammonia was applied to soils at selected rates and at selected times. Yields of 
corn grain tended to show no effect of application time. Concentrations of nitrate and 
exchangeable ammonium in the soil in late spring were similar for fall- and spring-applied 
anhydrous ammonia on the dry years, but they were significantly higher for the spring-
applied ammonia on the wet years. The end-of-season cornstalk test agreed with the soil 
analyses concerning fall- and spring-applied anhydrous ammonia, and also showed that 
spring- and summer-applied anhydrous ammonia had similar N-supplying power for plant 
growth. In comparisons of broadcast fertilizers in Paper II and anhydrous ammonia in Paper 
III, losses of anhydrous ammonia tended to be less than the losses observed with broadcast 
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ammonium, a finding explained by slower nitrification of the anhydrous ammonia. The end-
of-season cornstalk test, however, revealed that the broadcast ammonium sulfate had greater 
N-supplying power on these wet years. This apparent inconsistency is explained by results 
in Paper I, where a large portion of N applied as anhydrous ammonia was incorporated in to 
forms not readily plant-available. 
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Table 1. Chemical and spatial distributions of labeled N at 44 days after 
application of l^N-labeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha"l). 
Form of Depth Center 5-15 15-25 25-40 
labeled below 25-40 15-25 5-15 of cm cm cm 
N surface cm left cm left cm left band right right right 
— cm — gQjl Hlg 
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
NO3- 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 1 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd 0 0 
120-150 0 0 nd 0 nd . 1 0 
150-180 0 0 nd 0 nd 0 0 
KMI-N 0-10 0 0 1 5 1 1 1 
10-20 0 2 4 11 9 1 1 
20-30 1 1 2 1 2 0 0 
30-45 3 2 nd 1 nd 1 1 
45-60 1 1 nd 1 nd 1 1 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 2. Chemical and spatial distributions of soil-derived N at 44 days after 
application of l^N-labeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha"l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
• cm —- IlJg IN 
NH4+ 0-10 7 6 7 6 6 6 7 
10-20 7 6 7 6 6 7 3 
20-30 4 4 4 4 3 4 3 
30-45 3 6 ndt 3 nd 3 3 
45-60 3 2 nd 2 nd 2 3 
NO3- 0-10 9 7 6 6 5 6 7 
10-20 5 3 4 5 4 4 5 
20-30 3 3 2 2 2 2 3 
30-45 3 2 nd 3 nd 2 1 
45-60 2 4 nd 3 nd 3 3 
60-90 9 10 nd 8 nd 24 10 
90-120 11 7 nd 13 nd 11 13 
120-150 12 18 nd 12 nd 10 11 
150-180 8 7 nd 11 nd 7 7 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 3. Chemical and spatial distributions of labeled N at 133 days after 
application of ^^N-labeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha'^). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm — iiig i> lig 
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
NO3- 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd 0 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
KMI-N 0-10 5 3 3 6 3 2 3 
10-20 3 4 9 11 5 2 1 
20-30 2 2 1 2 2 1 1 
30-45 1 2 . nd 0 nd 2 1 
45-60 1 1 nd 0 nd 1 1 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 4. Chemical and spatial distributions of soil-derived N at 133 days after 
application of l^N-iabeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha"^). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
—- CfXl — lug IN Kg 
NH4+ 0-10 4 4 4 4 5 4 7 
10-20 5 7 7 8 8 5 3 
20-30 3 4 .4 3 4 3 7 
30-45 7 6 ndt 4 nd 7 4 
45-60 5 4 nd 4 nd 7 4 
NO3- 0-10 2 3 3 2 3 3 3 
10-20 2 2 2 3 3 3 2 
20-30 2 3 3 3 2 3 2 
30-45 2 3 nd 4 nd 3 4 
45-60 2 3 nd 4 nd 4 4 
60-90 3 5 nd 6 nd 7 5 
90-120 7 7 nd 7 nd 8 7 
120-150 11 9 nd 9 nd 9 9 
150-180 7 8 nd 8 nd 11 9 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 5. Chemical and spatial distributions of labeled N at 337 days after 
application of ^^N-labeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha'l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm — Illg 
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
NO3- 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd .0 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
KMI-N 0-10 1 1 3 6 3 4 4 
10-20 3 0 3 9 3 2 2 
20-30 3 1 1 4 1 2 1 
30-45 1 0 nd 1 nd 0 1 
45-60 0 0 nd 0 nd 0 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 6. Chemical and spatial distributions of soil-derived N at 337 days after 
application of ^^N-labeled anhydrous ammonia (means for 5 microplots 
having application rates ranging from 31 to 54 kg N ha-l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
NH4+ 
NO3-
— cm — mg K.g 
0-10 7 6 7 4 5 7 8 
10-20 7 8 8 7 7 8 6 
20-30 13 6 5 5 6 5 4 
30-45 4 4 ndt 5 nd 4 5 
45-60 3 4 nd 3 nd 3 4 
0-10 8 7 8 6 7 7 8 
10-20 9 8 7 6 6 7 6 
20-30 6 5 4 5 5 6 6 
30-45 6 5 nd 5 nd 4 5 
45-60 6 3 nd 2 nd 3 4 
60-90 9 6 nd 8 nd 8 7 
90-120 8 9 nd 10 nd 9 6 
120-150 7 7 nd 6 nd 8 6 
150-180 6 7 nd 6 nd 9 5 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 7. Chemical and spatial distributions of labeled N at 44 days after 
application of l^N-labeled anhydrous ammonia (means for? microplots 
having application rates ranging from 102 to 162 kg N ha"^). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N . surface left left left band right right right 
— cm — mg N kg"^ soil 
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 1 7 1 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 2 4 0 0 0 
20-30 0 0 1 2 1 0 0 
30-45 0 0 nd 2 nd 0 0 
45-60 0 0 nd 1 nd 1 0 
60-90 0 0 nd 2 nd 1 0 
90-120 0 0 nd 1 nd 1 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
0-10 6 0 0 13 0 0 0 
10-20 0 0 0 19 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 .0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 . 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 8. Chemical and spatial distributions of soil-derived N at 44 days after 
application of l^N-iabeled anhydrous ammonia (means for 7 microplots 
having application rates ranging from 102 to 162 kg N ha'^). 
Form of 
labeled 
N 
Depth 
below 
surface 
25-40 
cm 
left 
15-25 
cm 
left 
5-15 
cm 
left 
Center 
of 
band 
5-15 
cm 
right 
15-25 
cm 
right 
25-40 
cm 
right 
NH4+ 
NO3-
— cm — _  X T  kg-1 mg IN 
0-10 8 8 7 7 7 6 7 
10-20 7 8 10 8 8 7 5 
20-30 5 4 . 5 5 5 6 5 
30-45 5 5 ndt 4 nd 4 3 
45-60 3 4 nd 3 nd 3 3 
0-10 7 8 7 6 6 6 8 
10-20 5 4 6 6 4 5 6 
20-30 4 3 3 4 3 3 5 
30-45 3 2 nd 5 nd 3 2 
45-60 5 4 nd 4 nd 5 4 
60-90 13 13 nd 11 nd 14 13 
90-120 16 12 nd 15 nd 14 15 
120-150 10 15 nd 15 nd 15 13 
150-180 12 12 nd 9 nd 9 9 
tnd; Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 9. Chemical and spatial distributions of labeled N at 133 days after 
application of l^N-labeled anhydrous ammonia (means for 7 microplots 
having application rates ranging from 102 to 162 kg N ha"^). 
Form of 
labeled 
N 
Depth 
below 
surface 
25-40 
cm 
left 
15-25 
cm 
left 
5-15 
cm 
left 
Center 
of 
band 
5-15 
cm 
right 
15-25 
cm 
right 
25-40 
cm 
right 
NH4+ 
NO3-
KMI-N 
— cm -— Illg Kg 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 1 1 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 1 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd . 0 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 26 12 0 0 
20-30 3 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
136 
Table 10. Chemical and spatial distributions of labeled N at 133 days after 
application of ^^N-labeled anhydrous ammonia (means for 7 microplots 
having application rates ranging from 102 to 162 kg N ha*^). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
.... --- 111^  IN ivg 
NH4+ 0-10 4 5 5 5 4 4 5 
10-20 5 6 6 6 6 5 4 
20-30 3 3 4 4 4 4 8 
30-45 8 7 ndt 4 nd 3 8 
45-60 6 6 nd 6 nd 4 4 
NO3- 0-10 4 3 3 3 2 3 4 
10-20 4 3 4 4 3 4 4 
20-30 4 4 4 3 3 3 3 
30-45 3 4 nd 3 nd 2 3 
45-60 3 3 nd 4 nd 3 3 
60-90 5 4 nd 7 nd 7 6 
90-120 6 6 nd 5 nd 5 5 
120-150 9 10 nd 16 nd 7 7 
150-180 10 9 nd 10 nd 10 9 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 11. Chemical and spatial distributions of labeled N at 337 days after 
application of ^^N-labeled anhydrous ammonia (means for 7 microplots 
having application rates ranging from 102 to 162 kg N ha'l). 
Form of. 
labeled 
Depth 
below 
surface 
25-40 
cm 
left 
15-25 
cm 
left 
5-15 
cm 
left 
Center 
of 
band 
5-15 
cm 
right 
15-25 
cm 
right 
25-40 
cm 
right 
NH4+ 
NO3-
KMI-N 
— cm — Illg IN 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 1 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 1 1 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 2 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd 0 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 19 15 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 . 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
fnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 12. Chemical and spatial distributions of labeled N at 337 days after 
application of ^^N-labeled anhydrous ammonia (means for 7 microplots 
having application rates ranging from 102 to 162 kg N ha*l). 
Form of 
labeled 
N 
Depth 
below 
surface 
25-40 
cm 
left 
15-25 
cm 
left 
5-15 
cm 
left 
Center 
of 
band 
5-15 
cm 
right 
15-25 
cm 
right 
25-40 
cm 
right 
NH4+ 
NO3-
—- cm —- mg N kg-1 soil 
0-10 5 4 5 6 4 5 7 
10-20 7 9 9 8 8 7 7 
20-30 5 6 5 5 5 5 7 
30-45 7 6 ndt 5 nd 4 6 
45-60 5 5 nd 5 nd 6 5 
0-10 12 13 12 12 11 8 10 
10-20 12 14 13 12 13 12 11 
20-30 10 9 10 10 10 10 9 
30-45 9 8 nd 6 nd 19 8 
45-60 6 4 nd 7 nd 7 6 
60-90 11 12 nd 13 nd 15 9 
90-120 9 9 nd 13 nd 9 9 
120-150 9 11 nd 8 nd 8 11 
150-180 5 8 nd 5 nd 7 8 
tnd; Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 13. Chemical and spatial distributions of labeled N at 44 days after 
application of l^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha'l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
-— cm — Hlg iN K.g 
NH4+ 0-10 0 0 0 8 2 0 0 
10-20 0 0 2 12 16 0 0 
20-30 0 0 0 0 1 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
NO3- 0-10 0 0 0 3 4 0 0 
10-20 0 0 1 16 32 2 0 
20-30 0 0 1 2 10 25 0 
30-45 0 0 nd 1 nd 4 0 
45-60 0 0 nd 3 nd 5 1 
60-90 0 2 nd 6 nd 13 3 
90-120 0 3 nd 2 nd 5 9 
120-150 0 0 nd 1 nd 2 3 
150-180 0 0 nd 1 nd 1 0 
KMI-N 0-10 0 0 2 40 23 0 1 
10-20 0 0 16 52 32 4 2 
20-30 0 0 1 4 2 1 0 
30-45 0 0 nd 2 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 14. Chemical and spatial distributions of soil-derived N at 44 days after 
application of ^^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha"l). 
Form of DepHi 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm — mg N kg"^ soil 
NH4+ 0-10 5 6 6 6 7 8 7 
10-20 7 7 8 9 9 8 4 
20-30 4 5 4 4 4 6 3 
30-45 3 4 ndf 4 nd 4 4 
45-60 3 2 nd 4 nd 3 4 
0-10 7 9 6 5 6 8 8 
10-20 4 4 5 3 4 3 5 
20-30 3 2 2 2 2 2 2 
30-45 1 2 nd 2 nd 2 2 
45-60 3 3 nd 3 nd 3 7 
60-90 9 7 nd 9 nd 11 13 
90-120 12 9 nd 12 nd 11 13 
120-150 15 16 nd 20 nd 17 19 
150-180 12 13 nd 16 nd 15 14 
fnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 15. Chemical and spatial distributions of labeled N at 133 days after 
application of ^^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha"l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm — mg N kg"^ soil 
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 2 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
0-10 0 0 0 0 0 0 0 
10-20 0 0 0 0 0 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 0 0 
90-120 0 0 nd 0 nd 0 2 
120-150 0 0 nd 0 nd 0 2 
150-180 0 0 nd 0 nd 0 2 
0-10 5 0 1 14 2 0 3 
10-20 0 0 2 63 19 0 0 
20-30 0 0 0 4 2 0 0 
30-45 .0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 16. Chemical and spatial distributions of soil-derived N at 133 days 
after application of l^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha'l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
—— cm —- nig Kg 
NH4+ 0-10 4 3 4 4 5 4 5 
10-20 6 6 6 6 6 6 3 
20-30 3 . 3 4 4 4 3 6 
30-45 6 5 ndt 5 nd 5 6 
45-60 5 6 nd 6 nd 4 5 
NO3- 0-10 2 4 3 2 2 3 3 
10-20 3 4 4 3 4 5 4 
20-30 3 2 3 2 3 4 3 
30-45 3 5 nd 3 nd 4 7 
45-60 3 3 nd 3 nd 3 5 
60-90 6 5 nd 5 nd 4 7 
90-120 5 6 nd 6 nd 5 4 
120-150 4 8 nd 4 nd 5 3 
150-180 8 18 nd 3 nd 7 4 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 17. Chemical and spatial distributions of labeled N at 337 days after 
application of l^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha'^). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm— mgNkg'^soil  -
NH4+ 0-10 0 0 0 0 0 0 0 
10-20 0 0 0 1 1 0 0 
20-30 0 0 0 0 0 0 0 
30-45 0 0 ndt 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
0-10 0 0 0 1 0 0 0 
10-20 0 0 0 1 1 0 0 
20-30 0 0 0 1 1 0 0 
30-45 0 0 nd 1 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
60-90 0 0 nd 0 nd 1 0 
90-120 0 0 nd 0 nd 0 0 
120-150 0 0 nd 0 nd 0 0 
150-180 0 0 nd 0 nd 0 0 
0-10 6 0 1 9 9 3 1 
10-20 0 0 0 35 27 0 1 
20-30 0 0 0 3 0 0 0 
30-45 0 0 nd 0 nd 0 0 
45-60 0 0 nd 0 nd 0 0 
tnd: Not determined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 18. Chemical and spatial distributions of soil-derived N at 337 days 
after application of ^^N-labeled anhydrous ammonia (means for 6 microplots 
having application rates ranging from 204 to 293 kg N ha'l). 
Form of Depth 25-40 15-25 5-15 Center 5-15 15-25 25-40 
labeled below cm cm cm of cm cm cm 
N surface left left left band right right right 
— cm— mgNkg'^soil  — 
NH4+ 0-10 6 6 7 6 5 5 7 
10-20 7 7 8 7 7 6 5 
20-30 4 4 6 5 4 5 5 
30-45 5 7 ndt 5 nd 5 7 
45-60 4 4 nd 10 nd 5 4 
0-10 14 12 11 11 10 11 9 
10-20 13 11 10 9 9 11 13 
20-30 9 8 7 8 8 8 8 
30-45 8 9 nd 8 nd 8 7 
45-60 5 8 nd 13 nd 6 5 
60-90 12 14 nd 10 nd 10 9 
90-120 9 12 nd 6 nd 11 12 
120-150 6 7 nd 7 nd 13 12 
150-180 7 5 nd 8 nd 9 5 
tnd: Not detemined. Concentrations 5-15 cm and 15-25 cm right and left of 
the band were determined from a single sample at the the depths indicated. 
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Table 19. Chemical and spatial distributions of labeled N after application of 
^^N-labeled broadcast ammonium sulfate (means for 6 microplots having an 
application rate of 150 kg N ha'l). 
Form of Depth 
labeled below 44 days after 133 days after 337 days after 
N surface application application application 
—— cm — rno" lr(T-l çr\îl 111^  il oUll 
NH4+ 0-15 4 0 0 
15-30 1 0 0 
30-45 1 0 0 
45-60 1 0 0 
NO3- 0-15 11 0 0 
15-30 3 0 0 
30-45 2 0 0 
45-60 1 0 1 
60-90 1 1 0 
90-120 0 1 0 
120-150 0 0 0 
150-180 0 0 0 
KMl-N 0-15 12 10 9 
15-30 3 3 3 
30-45 3 5 5 
45-60 2 1 2 
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Table 20. Spatial and chemical distributions of soil-derived N after 
application of ^^N-labeled broadcast ammonium sulfate (means for 6 
microplots having an application rate of 150 kg N ha'l). 
Form of Depth 44 days after 133 days after 337 days after 
labeled below application application application 
N surface 
— cm — 
NH4+ 0-15 11 
15-30 5 
30-45 4 
45-60 4 
NO3- 0-15 12 
15-30 5 
30-45 4 
45-60 5 
60-90 4 
90-120 4 
120-150 4 
150-180 3 
- mg N kg-^ soil 
7 9 
4 5 
6 6 
2 3 
3 14 
1 8 
1 11 
3 7 
3 4 
4 6 
6 5 
3 4 
